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The chiral partner structure of heavy baryons is studied using the bound state approach by binding
the heavy-light mesons to the nucleon as the soliton in an effective Lagrangian for the pseudoscalar
and vector mesons based on hidden local symmetry. In the heavy-light meson sector, we regard
the H doublet and G doublet as chiral partners and couple them to light mesons with a minimal
derivative. We find that the chiral partner of Λc(
1
2
+
, 2286) is the Λc(
1
2
−
, 3
2
−
) heavy quark doublet
with a mass of about 3.1GeV but not (Λc(
1
2
−
, 2595), Λc(
3
2
−
, 2625)), which might be interpreted
as an orbital excitation of Λc(
1
2
+
, 2286). The same model is applied to the bottom sector, and the
chiral partner of Λb(
1
2
+
, 5625) is shown to have a mass of about 6.5GeV. We also discuss the chiral
partner structures for the isospin vector heavy baryons. For the pentaquark states, we find that the
masses of the pentaquark state made of a ground state heavy-light meson and its chiral partner are
similar, and both of them are below the Dp threshold, which therefore cannot be ruled out by the
present data.
PACS numbers: 11.30.Rd,14.20.Lq,14.20.Mr,14.20.Pt
I. INTRODUCTION
Chiral symmetry plays an important role in hadron
physics. When we set Nf flavor light quarks to
be massless, quantum chromodynamics (QCD) has an
SU(Nf)L×SU(Nf)R chiral symmetry at the Lagrangian
level. The chiral symmetry is not preserved by QCD vac-
uum but broken dynamically to its vector component,
i.e., SU(Nf )L × SU(Nf)R → SU(Nf)V . This dynam-
ical chiral symmetry breaking splits the degeneracy of
the chiral parters, which are supposed to be degenerate
when the chiral symmetry is restored so that the study of
the chiral partner structure of hadrons can help us reveal
the magnitude of the chiral symmetry breaking, i.e., the
order parameter.
In the light meson sector, the chiral partner struc-
ture might be complicated since two light quarks are in-
volved (see, e.g., Refs. [1, 2]). On the other hand, study-
ing the chiral partner structure in the heavy-light me-
son sector would be easier since they include only one
light quark, the dynamics of which is controlled by the
chiral symmetry. In addition to the chiral symmetry,
the dynamics of the heavy-light mesons is also controlled
by spin-flavor symmetry due to their heavy quark con-
stituent [3]. Based on this heavy quark symmetry, the
ground states form a doublet with spin-parity quantum
numbers (1−, 0−), and the first excited states belong to
the (1+, 0+) doublet. In Ref. [4], it was proposed that
these two doublets were chiral partners to each other in
the QCD-like models. As a signature of the chiral partner
structure, the mass splitting of them is induced by the
dynamical breaking of the chiral symmetry so that the
mass difference is about the constituent quark mass. This
was confirmed by the spectrum of the relevant particles;
mD∗
0
−mD ≃ mD1−mD∗ ≃ 450 MeV is at the same order
of mDs0(2317)−mDs ≃ mDs1(2460)−mD∗s ≃ 350 MeV
(see, e.g., Refs. [5, 6]).
In Ref. [7], the analysis on the chiral partner structure
of heavy baryons was made based on the bound state
picture [8, 9] together with the heavy quark symmetry
in which the heavy baryon is introduced [7, 10–15] as
the heavy mesons bound with the nucleon as the soliton.
In the analysis, the excited heavy baryon Λc(2595) with
JP = 12
−
is regarded as the chiral partner to the ground
state baryon Λc(2268) (J
P = 12
+
).
In this paper, we revisit the chiral partner structure of
the heavy baryons in the bound state approach based on
our recent progress in the soliton property [16, 17] and
the effective Lagrangian for the heavy-light meson chiral
partner structure [18, 19]. In the light meson sector, we
considered all the O(Nc) terms of hidden local symme-
try (HLS), all the O(p2), O(p4), and homogeneous Wess-
Zumino (hWZ) terms [2, 20]. In the heavy and light
meson interaction sector, we start with the interaction
Lagrangian for the heavy-light meson and light mesons
analyzed in Refs. [18, 19], where the chiral partner is
introduced in the framework of a linear sigma model.
We integrate out the scalar mesons and integrate in the
vector mesons to construct an effective Lagrangian for
heavy mesons interacting with the pseudoscalar mesons
and vector mesons based on the HLS [2, 20] (see, e.g.,
Refs. [21] for alternative approaches), and the heavy
quark symmetry. Then, we consider that the static soli-
ton couples to the heavy-light meson and study their
spectrum. After the derivation of the heavy baryon spec-
trum in the static case, we consider the collective coordi-
nate quantization to make states definite quantum num-
bers. Our explicit calculation shows that, in the heavy
quark limit and large Nc limit, up to the O(p4) terms
of HLS, the chiral partner of Λc(
1
2
+
, 2286) is predicted
to be the Λc(
1
2
−
, 32
−
) heavy quark doublet with a mass
2of about 3.1GeV but not (Λc(
1
2
−
, 2595), Λc(
3
2
−
, 2625))
listed in the PDG table [22], which might be interpreted
as an orbital excitation of Λc(
1
2
+
, 2286). Extending our
approach to the bottom sector we predicted the chiral
partner structure of bottom baryons. We finally stud-
ied the pentaquark spectrum using our framework and
found that the masses of the pentaquark states made of
a ground state heavy-light meson and its chiral partner
are similar and both of them are below the Dp thresh-
old, which therefore cannot be ruled out by the present
data [23].
This paper is organized as follows: In Sec. II, the chiral
partner structure of heavy baryons is studied. We derive
the analytic forms of the heavy baryons’ masses. The
heavy baryon spectrum with chiral partner structure is
estimated in Sec. III, and the pentaquark state’s spec-
trum is estimated in Sec. IV. The last section is for a
summary and discussions. Some useful explicit deriva-
tions are given in the Appendix.
II. HEAVY BARYONS IN THE EFFECTIVE
LAGRANGIAN FOR HEAVY-LIGHT MESONS
WITH CHIRAL DOUBLING
A. Effective Lagrangian for heavy-light mesons
with chiral doubling
Here, we construct the effective Lagrangian describing
the interaction between the heavy-light mesons and the
light mesons. With respect to the chiral transformation
property of the light quarks in the heavy-light mesons,
the heavy-light meson field can be decomposed into a
right-handed component HR and left-handed one HL [4].
Under chiral SU(2)L×SU(2)R symmetry, they transform
as
HL → HLg†L, HR → HRg†R. (1)
In Refs. [18, 19] these fields are used to construct a La-
grangian where the chiral symmetry are realized linearly.
In the present paper, for the study of the heavy baryon
spectrum in the bound state approach, we adopt the non-
linear realization of the chiral symmetry. Then, by re-
placing M in Eq. (29) of Refs. [18, 19] with FpiU where
U = e2ipi/Fpi , we obtain
Lheavy = 1
2
Tr
[H¯Li(v · ∂)HL]+ 1
2
Tr
[H¯Ri(v · ∂)HR]
− ∆
2
Tr
[H¯LHL + H¯RHR]
− gpiFpi
4
Tr
[
U †H¯LHR + UH¯RHL
]
+ i
gA
2
Tr
[
γ5γµ∂µU
†H¯LHR
− γ5γµ∂µUH¯RHL
]
, (2)
where ∆, gpi and gA are parameters. In the present work,
we include the vector mesons using the HLS [2, 20] by
introducing the matrix valued variables ξL and ξR as U =
ξ†LξR. Then, similarly to Ref. [6] we convert the heavy
meson fields as
HˆL = HLξ†L, HˆR = HRξ†R, (3)
which under the full symmetry transformation Gfull =
[SU(2)L × SU(2)R]chiral × [U(2)]HLS transform as
HˆL → HˆLh†(x) , HˆR → HˆRh†(x) . (4)
Associated with the field redefinitions in Eq. (3), it is
convenient to use the following quantities for the π fields:
αˆ‖µ =
1
2i
(
DµξR · ξ†R +DµξL · ξ†L
)
,
αˆ⊥µ =
1
2i
(
DµξR · ξ†R −DµξL · ξ†L
)
, (5)
where the covariant derivative Dµ is given by Dµ = ∂µ−
iVµ with Vµ being the gauge field of the HLS. By using
these quantities, the above Lagrangian is extended to
include the vector mesons as
Lheavy = 1
2
Tr
[
HˆL(iv · D˜) ¯ˆHL
]
+
1
2
Tr
[
HˆR(iv · D˜) ¯ˆHR
]
− ∆
2
Tr
[
¯ˆHLHˆL + ¯ˆHRHˆR
]
− gpiFpi
4
Tr
[
¯ˆHLHˆR + ¯ˆHRHˆL
]
− gATr
[
γ5γµαˆ⊥µ
(
¯ˆHLHˆR + ¯ˆHRHˆL
)]
, (6)
where D˜ is defined as D˜µ = ∂µ − iVµ − iκα‖µ with κ
being a real parameter measuring the magnitude of the
violation of the vector meson dominance.
To study the chiral partner structure of the heavy
baryons, we rewrite the Lagrangian (6) in terms of the
heavy-light meson doublets Hˆ and Gˆ with quantum num-
bers Hˆ = (0−, 1−) and Gˆ = (0+, 1+); specifically, we
make the substitution
HˆL = 1√
2
[Gˆ− iHˆγ5], HˆR = 1√
2
[Gˆ+ iHˆγ5]. (7)
In terms of the physical states, the Hˆ and Gˆ doublets
can be explicitly expressed as
Hˆ =
(1 + v/)
2
[D∗ ;µγµ + iDγ5],
Gˆ =
(1 + v/)
2
[−D′ ;µ1 γµγ5 +D∗0 ]. (8)
Substituting Eq. (7) into Eq. (6), we obtain
Lheavy = −Tr
[
Gˆ(iv · D˜) ¯ˆG
]
+Tr
[
Hˆ(iv · D˜) ¯ˆH
]
− ∆
2
Tr
[
Gˆ
¯ˆ
G− Hˆ ¯ˆH
]
− gpiFpi
4
Tr
[
Hˆ
¯ˆ
H + Gˆ
¯ˆ
G
]
+ gATr
[
Hˆγµγ5aˆ
µ
⊥
¯ˆ
H
]
− gATr
[
Gˆγµγ5aˆ
µ
⊥
¯ˆ
G
]
.(9)
This expression explicitly shows that the gpiFpi term splits
the spectrum of Hˆ and Gˆ doublets while the ∆ term shifts
3the masses of these two doublets toward the same direc-
tion. In the present paper, we use the physical masses
of heavy mesons as inputs to calculate the heavy baryon
masses so that we drop the gpiFpi term and the ∆ term in
the following calculation of the masses of heavy baryons.
Note that due to the chiral partner structure adopted
here, the magnitudes of the coupling constants in the
last two terms of Eq. (9) are the same; therefore, the
chiral partner spectrum is predictable.
B. Heavy baryon masses from the bound state
approach
In this subsection we derive the heavy baryon masses
based on the bound state approach [7, 11–15].
To make the mesonic theory a baryonic one, we follow
the standard procedure to take the Hedgehog ansatze for
a classical soliton [24]
ξR = ξ
†
L = ξc(x) = exp
[
iτ · xˆF (x)
2
]
, (10)
with τi as the Pauli matrices and the subscript c stand-
ing for the classical solution. From the Hedgehog ansatze
(10), one can easily see that ξc transforms under sepa-
rate spatial rotation and isospin rotation but is invari-
ant under the combined rotation; i.e., the hedgehog pro-
file correlates the angular momentum and the isospin.
For the vector mesons, their profile functions can be
parametrized as [25, 26]
ωµ,c = ω(x)δ0µ, ρ
a
i,c =
1
gx
ǫijaxˆjG(x), ρ
a
0,c = 0.(11)
From the hedgehog ansatze (10) and profile functions
(11) we express the quantities αˆµ⊥ and αˆ
µ
‖ as
αˆµ⊥ = (0,a⊥) , αˆ
µ
‖ =
(
a‖ , a‖
)
, (12)
where
a⊥ =
1
2
[
sinF (x)
x
τ +
(
F ′(x) − sinF (x)
x
)
(τ · xˆ) xˆ
]
a‖ = −
g
2
ω(x) ,
a‖ =
[
1
x
sin2
F
2
− 1
2x
G(x)
]
xˆ× τ . (13)
In the rest frame of the heavy-light meson, i.e., vµ =
(1,0), the Hˆ doublet has nonvanishing elements only in
the upper-right 2 × 2 sub-block while the Gˆ doublet has
nonvanishing elements only in the upper-left 2 × 2 sub-
block. The matrix forms of Hˆ and Gˆ doublets become
Hˆ =
(
0 H
0 0
)
, Gˆ =
(
G 0
0 0
)
,
¯ˆ
H =
(
0 0
−H† 0
)
,
¯ˆ
G =
(
G† 0
0 0
)
. (14)
Then, the Lagrangian (9) is reduced to
Lheavy = − Tr
[
Gi∂0G
†
]
− Tr
[
Hi∂0H
†
]
− 1
2
(1 + κ) gω(r)Tr
[
GG
†
]
− 1
2
(1 + κ) gω(r)Tr
[
HH
†
]
− gATr
[
Hσ · a⊥H†
]
+ gATr
[
Gσ · a⊥G†
]
.(15)
Since the hedgehog ansatz for the Skyrme soliton cor-
relates the angular momentum and isospin, the bound
states should be invariant under the “grand spin” rota-
tion with the operator defined as
G = r+ J+ Ilight, (16)
where r,J, and Ilight are the ordinary orbital angular
momentum between the soliton and heavy-light meson,
heavy meson spin, and the heavy meson isospin opera-
tors. Taking into account that the heavy quark spin is
conserved in the heavy quark limit, one simply defines
the “light quark grand spin” operator
g = r+ Jlight + Ilight, (17)
with Jlight as the spin operator of the light degree of
freedom of the heavy-light meson, and in both H and G
doublets, the eigenvalue of the operator Jlight is 1/2 so
that the eigenmodes of the heavy baryons can be classi-
fied by the third component of heavy quark spin sQ and
the light quark grand spin (g, g3) and the parity P.
Taking into account the isospin, light quark spin and
heavy quark spin indices that the heavy-light meson has,
one can write the static wave functions of the heavy-light
mesons as [11]
H
†,a
c,lh = u
(H)(x)(τ · xˆ)adψ(H)dl (g, g3; r, k)χ(H)h ,
G
†,a
c,lh = u
(G)(x)(τ · xˆ)adψ(G)dl (g, g3; r, k)χ(G)h , (18)
where a, l, and h denote the indices for the isospin of
the heavy-light meson, the spin of the light degree of
freedom, and the heavy quark spin, respectively. k is the
eigenvalue of the operator
K = Ilight + Jlight, (19)
with k3 as its third component. χ
(H,G)
h is factorized out
due to the conservation of the heavy quark spin. u(x) is a
radial function which is strongly peaked at the origin and
normalized as x2|u(x)|2 ≃ δ3(x) [11, 12]. This implies
that the relevant matrix elements are independent of the
quantum number r [13]. The generalized “angular” wave
function ψ
(H,G)
dl (g, g3; r, k) can be expanded as [13]
ψ
(H,G)
dl (g, g3; r, k) =
∑
r3,k3
C r,k;gr3,k3;g3Y
r3
r ξdl(k, k3), (20)
where Y r3r stands for the standard spherical harmonic
representing orbital angular momentum r while C de-
notes the ordinary Clebsch-Gordan coefficients. ξdl(k, k3)
4represents a wave function in which the “light spin”
and “light isospin” referring to the “light cloud” com-
ponent of the heavy meson are added vectorially to give
K = Ilight + Jlight with eigenvalues K
2 = k(k + 1). Note
that in the present analysis, k is a good quantum num-
ber since the relevant matrix elements are independent of
the quantum number r. Furthermore, both the quantum
numbers for the “light spin” and “light isospin” are given
by 1/2 so that the possible values of k are either 0 or 1.
The normalization of the eigenstate ψ
(H,G)
dl (g, g3; r, k) is∫
dΩψ
(H,G)
dl (g, g3; r, k)
[
ψ
(H,G)
d′l′ (g
′, g′3; r
′, k′)
]†
= δdd′δll′δgg′δg3g′3δrr′δkk′ , (21)
where
∫
dΩ is the solid angle integration.
From Lagrangian (15), we parametrize the potential as
V =
(
VH 0
0 VG
)
. (22)
By substituting the ansatz (20), VH and VG are obtained
as
VH =
1
2
(1 + κ) gω(r)Tr
[
HcH
†
c
]
+ gATr
[
Hcσ · a⊥H†c
]
=
1
2
(1 + κ) gω(0) + gAF
′(0)
[
k(k + 1)− 3
2
]
,
VG =
1
2
(1 + κ) gω(r)Tr
[
GcG
†
c
]
− gATr
[
Gcσ · a⊥G†c
]
=
1
2
(1 + κ) gω(0)− gAF ′(0)
[
k(k + 1)− 3
2
]
. (23)
Next, we make a quantization by a time dependent
SU(2) rotation of the fields in the HLS Lagrangian in
the light-quark sector as
ξc(x)→ ξ(x, t) = C(t)ξc(x)C†(t),
Vµ,c(x)→ Vµ(x, t) = C(t)Vµ,c(x)C†(t), (24)
where C(t) is a time dependent unitary matrix satisfying
C(t)C(t)† = C(t)†C(t) = 1. Accordingly, the heavy-light
meson fields are rotated as
H(x, t) = Hc(x)C
†(t) , G(x, t) = Gc(x)C
†(t) . (25)
This collective rotation gives an additional contribu-
tion to the Lagrangian
δLcoll = 1
2
IΩ2 + Ilight ·Ω , (26)
where the angular velocity Ωi corresponding to the col-
lective coordinate rotation is defined as
1
2
iτ ·Ω ≡ C†∂0C . (27)
I is the moment of the inertia of the soliton configuration.
By using I, the light baryon masses are expressed as
mb = Msol +
jb(jb + 1)
2I , (28)
where Msol is the soliton mass and jb is the spin of light
baryon. Using the nucleon mass mN and the delta mass
m∆ as inputs, Msol and I are given as
Msol =
5mN −m∆
4
, I = 3
2 (m∆ −mN ) . (29)
From Eq. (26) one obtains [8]
δLcoll = 1
2
IΩ2 − χ(k)K ·Ω, (30)
where the coefficient χ(k) is calculated as
χ(k) =
{
0 , (k = 0) ,
[k(k+1)+3/4−jl(jl+1)]
2k(k+1) , (k 6= 0)
, (31)
with jl being the spin quantum number of the light degree
of freedom of tne heavy-light meson. For convenience we
show the derivation in the Appendix. The Hamiltonian of
the collective rotated system is obtained by the standard
Legendre transformation as
Hcoll =
1
2I [J
sol + χ(k)K]2, (32)
where Jsol is the canonical momentum conjugating to the
collective variable C(t):
J sola =
∂δLcoll
∂Ωa
= IΩa + Ialight. (33)
The first term IΩa is the isospin operator for the light
baryon sector while the second term Ialight is the isospin
operator for the heavy-light mesons interacting with the
light baryon so that Jsol is identical to the isospin oper-
ator for the heavy baryon I:
Jsol = I . (34)
After the collective coordinate rotation, the total spin
of the light degrees of freedom in the heavy baryon is
defined as
j = Jsol + g = Jsol + r+K. (35)
By including the heavy quark spin, the spin operator
for the heavy baryon is expressed as JB = j ± SQ with
eigenvalues jB,± = j ± 1/2 (in the case of j = 0, only
jB = 1/2 exists). Then, we can express the collectively
rotated Hamiltonian as
Hcoll =
1
2I
[
[1− χ(k)]I2 + χ(k)[χ(k)− 1]K2
+ χ(k)(j − r)2
]
. (36)
Gathering all the above contributions, we finally obtain
the heavy baryon mass as
M(heavy baryon) = Msol + M¯H,G + VH,G +Hcoll, (37)
where VH (VG) is the binding energy corresponding to
the heavy meson H (G). M¯H,G are the weight-averaged
heavy meson masses with M¯H = (3mD∗ + mD)/4 and
M¯G = (3mD1 +mD∗0 )/4. Note that each combination of
(I, j) generates a pair of degenerate states with jB,± =
j ± 1/2.
5III. CHIRAL DOUBLING OF HEAVY
BARYONS
In this section, we study the chiral doubling structure
using the formulas obtained in the previous section. In
the following analysis, we restrict ourselves to the case
with r = 0 and use the following values of heavy meson
masses as inputs:(
mD,mD∗ ,mD∗
0
,mD1
)
= (1.86, 2.01, 2.32, 2.42) [GeV],
(38)
which lead to(
M¯H , M¯G
)
= (1.97 , 2.40) [GeV] . (39)
Furthermore, to simulate the profile functions F (r) and
ω(r), which are necessary to evaluate the binding energy
VH and VG expressed in Eq. (23), we use the following
inputs:
(mN , m∆) = (0.94 , 1.23) [GeV] , (40)
which yield soliton mass Msol = 0.868 GeV and the in-
verse of the moment of inertia 1/I = 0.193 GeV. Then,
using the relevant expressions from HLS up to O(p4) in-
cluding the hWZ terms given in Refs. [16, 17], by taking
Fpi and mρ as free parameters to fit the inputs (40), we
obtain Fpi = 62.24 MeV and mρ = 417.5 MeV and the
values of the profile functions at origin as
F ′(0) = 626.1 MeV; ω(0) = −74.5 MeV. (41)
Moreover, we take the parameter a = 2 [2, 20] and fix
the universal coupling constant g in HLS through
g = mρ/(Fpi
√
a) = 4.74. (42)
Let us first consider the binding energy in order to de-
termine which channel can form the bound state and cal-
culate the spectra of the chiral partners. Using Eq. (23),
we obtain the binding energy between the heavy-light
mesons in the H doublet and soliton as
VH = − 0.177 (1 + κ) + 0.626gA
[
k(k + 1)− 3
2
]
[GeV].
(43)
The value of gA is determined through the D
∗ → Dπ
decay as |gA| = 0.56 [18, 19]. It does not seem possible
to determine the ω coupling constant κ from the avail-
able experimental data for the heavy meson decay. In
the case of the vector meson dominance we have κ = 0;
therefore, it is reasonable to regard |κ| . 1. Then we con-
clude that the k = 0 channel gives a bound state when
gA > 0. This bound state can be naturally identified
with Λc(
1
2
+
, 2286) from the quantum number so that we
assume gA > 0 in the following analysis. Since the collec-
tive energy is zero for the k = 0, I = 0 state, we use the
experimental value of the mass of Λc(
1
2
+
, 2286) as an in-
put to determine the value of κ. Using MΛc = 2.29GeV,
we obtain κ = −0.83.
Next, we consider the bound states made from the G
doublet. The binding energy is expressed as
VG = − 0.177 (1 + κ)− 0.626gA
[
k(k + 1)− 3
2
]
[GeV].
(44)
As we can see easily, VG > 0 for k = 0 (gA > 0) so that
there is no bound state in the k = 0 channel. For the
k = 1 channel, using κ = − 0.83 determined above, we
obtain VG = − 0.205GeV, which implies that the k = 1
channel is actually bound.
From Eq. (35) the total spin of the light degrees of
freedom becomes 1 (I = 0) so that the resultant heavy
baryons form a heavy-quark doublet consisting of Λc(
1
2
−
)
and Λc(
3
2
−
). Combined with the collective energy, the
mass of the bound state is expressed as
MΛc( 12
−, 3
2
−) =Msol + M¯G + VG +
1
4I , (45)
which leads to
MΛc( 12
−, 3
2
−) = 3.13 [GeV] . (46)
This value is much larger than the experimental
values for the masses of negative parity baryons:
M(Λc(
1
2
−
, 2595) = 2.59GeV and M(Λc(
3
2
−
, 2625) =
2.63GeV. So, we conclude that the negative par-
ity baryons found by experiments Λc(
1
2
−
, 2595) and
Λc(
3
2
−
, 2625) are not the chiral partner to the ground
state baryon Λc(
1
2
+
, 2285). In the present bound state
approach, they should be regarded as the r = 1 state
made from the H doublet and nucleon. Then, we ex-
pect to have a doublet for the chiral partner around the
3.1GeV region.
We next study the I = 1 baryons. In the positive par-
ity baryon sector, the k = 0 channel is bound so that the
total spin of the light degrees of freedom in the heavy
baryon becomes 1. As a result, the spin of Σc baryons
with positive parity is either 1/2 or 3/2. In the mass for-
mula in Eq. (37), only Hcoll changes its value depending
on the isospin of baryons. Since χ(k) = 0 for k = 0, the
mass difference between the Σc and the Λc in the positive
negative parity is obtained as
MΣc( 12
+, 3
2
+) −MΛc( 12+) =
1
I . (47)
In the negative parity baryon sector, the k = 1 channel is
bound, then the eigenvalue for j is either 0, 1, or 2. We
summarize our predicted results for the charm baryon
spectrum in Tables I and II.
We next study the mass spectrum of the bottom
baryon by substituting the bottom meson masses into
the charm meson masses in Eq. (37). In the bottom me-
son spectrum, the masses of the ground states B and B∗
are well measured but masses of the mesons in the G dou-
blets are not well established. Here, we naively estimate
them using mB∗
0
−mB = mD∗
0
−mD = 2403− 1869.6 =
6TABLE I. Predicted mass for the charmed baryon for the H
doublet.
I j states MH(MeV)
0 0 Λc(
1
2
+
) 2286.46(input)
1 1 Σc(
1
2
+
),Σc(
3
2
+
) 2481.13
TABLE II. Predicted mass for the charmed baryon for the G
doublet.
I j I(jPB) M
G(MeV)
0 1 Λc(
1
2
−
),Λc(
3
2
−
) 3131.66
1 0 Σc(
1
2
−
) 3131.66
1 1 Σc(
1
2
−
),Σc(
3
2
−
) 3228.99
1 2 Σc(
3
2
−
),Σc(
5
2
−
) 3423.66
533.4 MeV and mB∗
1
− mB∗ = mD∗
1
− mD∗ = 2427 −
2010.25 = 416.75 MeV which lead to mB∗
0
= 5812.9 MeV
and mB∗
1
= 5741.85 MeV. Our numerical results for the
masses of the heavy baryons including the bottom quark
with the corresponding quantum numbers are given in
Tables III and IV.
IV. PENTAQUARKS WITH HEAVY QUARK
We next consider the pentaquark channel. Although
the existence of these kinds of states still needs experi-
mental confirmation, theoretical study of them is mean-
ingful. For a pentaquark state, the large component of
the antiheavy quark can be projected out with the pro-
jection operator (1−v/)/2 so that in case the heavy meson
is at rest, the H doublet has nonvanishing elements only
in the lower-left 2× 2 sub-block while the G doublet has
nonvanishing elements only in the lower-right 2× 2 sub-
block, i.e.,
H =
(
0 0
H 0
)
, G =
(
0 0
0 G
)
,
H¯ = γ0H
†γ0 =
(
0 −H†
0 0
)
,
G¯ = γ0G
†γ0 =
(
0 0
0 G†
)
. (48)
Then, substituting vµ with −vµ, following the above
derivation, one can see that both the binding energies
given by Eq. (23) change a sign. As a result, the binding
energies for the pentaquark states made from the anti-H
TABLE III. Predicted mass for the bottom baryon for the H
doublet.
I j I(jPB) M
H(MeV)
0 0 Λb(
1
2
+
) 5625.07
1 1 Σb(
1
2
+
),Σb(
3
2
+
) 5819.74
TABLE IV. Predicted mass for the bottom baryon for the G
doublet.
I j I(jPB) M
G(MeV)
0 1 Λb(
1
2
−
),Λb(
3
2
−
) 6470.27
1 0 Σb(
1
2
−
) 6470.27
1 1 Σb(
1
2
−
),Σb(
3
2
−
) 6567.6
1 2 Σb(
3
2
−
),Σb(
5
2
−
) 6762.27
TABLE V. Predicted mass for the charmed pentaquark state
for the H doublet.
I j Candidates M5,Hc (MeV)
0 1 Θc(
1
2
+
) 2745.15
doublet and the pentaquark states made from the anti-G
doublet are expressed as
V 5H = 0.177 (1 + κ)− 0.626 gA
[
k(k + 1)− 3
2
]
[GeV],
V 5G = 0.177 (1 + κ) + 0.626gA
[
k(k + 1)− 3
2
]
[GeV] .(49)
Therefore, for the anti-H doublet, the k = 1 channel gives
the bound states with binding energy V 5H = −145.6 MeV,
while for anti-G doublet, the k = 0 channel gives the
bound states with binding energy V 5G = −496.2 MeV.
Substituting relevant numerical results, we obtain the
spectrum of the pentaquark states. We list our results in
Tables V and VI for pentaquark states consisting anti-
charm quark and Tables VII and VIII for pentaquark
states consisting anti-bottom quark.
The results in Tables V and VI show that the lightest
charmed pentaquark states made of soliton and heavy-
light mesons in the anti-H doublet have masses of about
2.75 GeV, and their chiral partner made of the anti-G
doublet has a mass of about 2.80 GeV. Both of them are
below the Dp threshold. The reason that the pentaquark
states from the anti-H doublet and anti-G doublet have
similar masses is because the binding energy of the anti-
H doublet is about 350 MeV smaller than that of the
anti-G doublet, and the collective rotation energy, which
is about 50 MeV, does not contribute to the latter. With
respect to the status of the pentaquark search performed,
these states cannot be ruled out, and since they cannot
decay via a strong process, their total widths should be
narrow.
TABLE VI. Predicted mass for the charmed pentaquark state
for the G doublet.
I j Candidates M5,Gc (MeV)
0 0 Θc(
1
2
−
) 2791.78
7TABLE VII. Predicted mass for the bottom pentaquark state
for the H doublet.
I j Candidates M5,Hb(MeV)
0 1 Θb(
1
2
+
) 6083.76
TABLE VIII. Predicted mass for the bottom pentaquark state
for the G doublet.
I j Candidates M5,Gb(MeV)
0 0 Θb(
1
2
−
) 6130.39
V. SUMMARY AND DISCUSSIONS
We studied the chiral partner structure of heavy
baryons in the bound state approach including the vector
meson exchanging effects through the hidden local sym-
metry. We showed that in the large Nc limit and the
heavy quark limit, the ground state heavy baryon made
of the ground state heavy-light meson and the nucleon
has a chiral partner made of an excited heavy-light me-
son and nucleon. Our explicit calculation showed that
the chiral partner of Λc(
1
2
+
) is a heavy quark doublet of
Λ(12
−
) and Λ(32
−
). This contrasted to the perdition made
in the pioneering work in Ref. [12], where the chiral part-
ner was the singlet under the heavy quark spin transfor-
mation. Our prediction of the mass was about 3.1GeV,
which indicated that the Λc(
1
2
−
, 2595) and Λc(
3
2
−
, 2625)
listed in the PDG table [22] should be interpreted as the
r = 1 excitation of Λc(
1
2
+
). To calculate the spectrum of
the r 6= 0 states, one should consider the relative motion
of the soliton with respect to the heavy mesons [27]. This
is beyond the scope of the present paper.
We also studied the bound states in the pentaquark
channel. We found that the k = 1 channel forms bound
states for the anti-H doublet (Θc(
1
2
−
), Θc(
3
2
−
)), while
the k = 0 channel forms bound states for the anti-G dou-
blet (Θc(
1
2
+
)). It was found that the predicted masses
of the pentaquark states made of the anti-H doublet and
anti-G doublet were below the Dp threshold, which can-
not be ruled out by the present data [23].
In the present analysis, we took the infinite heavy soli-
ton and heavy quark limits so that both the soliton and
heavy-light meson were sitting at the origin. This picture
could not be applied to the bound states with nonzero r.
Since in the present analysis, the chiral partner of heavy
Λc(
1
2
+
, 2286) had a mass of about 3.1GeV, which was a
bound state of soliton and heavy-light mesons in the G
doublet, one could expect that it had broad width due
to the broad width of the constituent P -wave mesons in
the G doublet. From the numerical results in Tables III
and IV we concluded that the spectrum of the heavy
baryons with bottom quark was consistent with PDG [22]
for Λb and Σb.
It should be noted that in the present analysis, we
considered that the chiral partner to the nucleon was
itself: The left-handed nucleon was the chiral partner
of the right-handed nucleon, and vice versa so that the
chiral partner to the heavy baryon as the bound state of
the H doublet and the nucleon was the one made of the
G doublet and the nucleon. This implied that the chiral
partner structure of the heavy baryons in our approach
arose from the chiral partner structure of the constituent
heavy-light mesons. On the other hand, in the mirror
scenario for the light baryon [28], the chiral partner to
the nucleon was considered as N(1535). In such a case,
the full picture of the chiral partner structure of heavy
baryons became complicated, and we did not consider
this scenario in the present work.
Appendix A: Matrix element of heavy-light meson
isospin operator
Using the Wigner-Eckart theorem, we can express the
matrix element of heavy-light meson isospin operator
Ialight in terms of the matrix element of the operator K,
i.e.,
∫
dΩ〈ψ(i)gg3 |Ilight|ψ(j)gg3〉 =
∫
dΩ〈ψ(i)gg3 |K|ψ(j)gg3 〉
〈ψ(i)gg3 |K · Ilight|ψ(j)gg3 〉
k(k + 1)
=
∫
dΩ
〈ψ(i)gg3 |[K2 + I2 − J2light]|ψ(j)gg3〉
2k(k + 1)
〈ψ(i)gg3 |K|ψ(j)gg3 〉
=
[k(k + 1) + 3/4− jl(jl + 1)]
2k(k + 1)
∫
dΩ〈ψ(i)gg3 |K|ψ(j)gg3〉δij
= χ(k)K, (A1)
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